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Proface

This report is an account of x efforts to verify the

applicability of the differential scanning calorimeter in determining

properties of organic explosives. The work will, hopefullyt be a

useful guide to gaining further understanding of the behavior of

exploai,,es in increasing temperature environments.

The organic explosives used in this study were as received; no

attempts were made to purify them or alter their crystalline fors.

Only those known as "high oxplcaives" were tested. Inorganic

explosives such as lead axide were not studied because their higher

sensitivity would have made nec'ýssary an entirely different labor-

atory procedure. Amounts of explosives kept on hand were small enough

to permit sample preparation and storage with very little danger of

injury. Sample sizes were on the order of 1 xg for beat of fusion,

purity, and activation enrrgy tests; specific heat test samples were

larger -- about 30 m - to compare in a.s-3 to the test standard

used. No laboratory accidents occurred during the test program.

My inspiration for this study was provided by Dr. William C.

Bahr, a man with an inquiring mind and a love for research. He

motivated !n his students an interest in theraocLtmistry in general

and in organic explosives in particular, as well as a lively respect

for the technical literature. His sudden death in March removed from

onr midst a man whc iontributions were only beginning, but who a&;-

at last be finding some of the answers he continually sought.

I wis1h to exp)-sx tMarks. to 1-'o- 1 J,_zqrph R. O'Brt!'n,

Weapons Technology Branch, for his assistance in our obtaining the use

1i
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of DC equLpimnt purchased by his organisation. Without this special

help, the study would not have boon possible.

The interest and assistance of Mr. Willia" W. Baker is gratefully

acknowledged. His help in setting up the instrmnt for manY of the

* test runs saved many hours.

Finally, my wife Gloria's helpfulness and serene patience while

this study was in progress are grea:ly appreciated.

Jerry D. Wilcox
I
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Abstract

Differential Scanning Calorimetry methods are applied In

deternining beat of fusion, purity, specific heat, and activation

energy co decomposition for undiluted, unmixed sarples of tho high

explosives TMR, TNT#, tetryl, MC, RZM, and PM. Thermorams

describing energy absorption or evolution from 300°9 to 600oK are

presented. Beat of fusion and purity results are consistent for

explosives which melt at lower temperatures without vaporization#

such as TNT and tetryl. Specific beat values in the 3130 K to 4230 K

0range all lie between 0.25 and 0.35 cal/gm Is, monotonically increas-

Ing with temperature. Activations energies obtained are 20% - 50W%

higher than those reported from isothermal tests.

x



"A/W/673-3

D TIAL SCANING CiWRITIY IJrUD8

IN Tal D I 1 UUNMTZOW 01

TEMA" P10PUrTIU OF UPW10SIVU

1. Introduction

The thermal analysis of organic explosives has for many years

yielded iorma tion to improve the design and safe manufacturing

procedures of weapons and related deveos. One useful technique has

been differential thermal analysis (MAL), in which the temperature of

a sample is ocupared with the teqrature of a reference material

while both are being heated at some controlled temperature rate. The

results are usua17 plotted as temperature difference versus reference

teuperature. The differential scanning calortmeter, developed by the

Perkin-1u1er Corporation In 1963# coshines the DrA nmthod of temper-

stm.. comparison with closed loop heat addition. Rather than

difference In teuperatur., the quantity masured by this instruesnt is

the electrical power in calories per second required to maintain the

sample and reference at the same temperature. Thus, the actual power

supplied to either the srmple side - in an endothermic reaction such

as meltirg, or the refer*nce side -- in an exothermu.c reaction such as

decomposition, is plotted on the recorder chart versus temperature.

The recorder output shows endotheruic and exothermic peaks whose areas

are directly proportional to the enez1 absorbed or liberated by the

sample. This feature suggests that quantitative studies of reactions

involviri *rergy chorge are possible. The purpose of this studys,

then; !p. to investigate the applicability of differential scanning

I



Calarimetry techniques to the determination of thermal properties of

explooives.

!perimental Approach

The use of the differential scanning calorimeter in determining

heat of fusion# purity, specific heat, and activation energy for

decomposition was Investigatwd for the following explosives I TIRM TNT,

tetryl HMP. B1X and PMT1. Ognif led (3.75X) views of the actual

explosives moed are given in Figure 6.

Mwe following experimental procedures wore applied:

1. Beat of fusion was calculated by comaJring the area of

the sample's meltig endotherm with the ,vsa of indlum's melting

endothera.

2. Purity determinations wore made by compariag the shape

and curvature of the sample's melting endotherm with the shape and

curvatur, of a pure sample of indium metal.

3. Specific heats were determined by directly compering tia

recorder trace displacements of the sample with those of a reforonce

material at successive temperatures,

4. Activation energy was determined by studyint the shape

and curvature of the leiding edge of the decomposition ezotheru.

2



11. Apparatus

The equipment used In this study consisted of a Perkin-ilmer Model

DSC-1B Differential Scanning Calorimeter and accessories, LAeds and

Northrup 1Speedomax W" Potentiometer Recorder, and a Cahn Gram Electro-

balance. Model 0. These instrumnts are shown In Figure 1.

Figure 1

View of Test Apparatus

Differential Scanning Calorimeter

Figure 2 shows the differential scanning calarimeter, Perkin-Elmer

Cat. No. 219-0139, which consists of a sample holder assembly, trsns-

parent-top sample enclosure cover, sample holder base unit, and control

umit. The removable sample holder assembly, Figure 3, consists of a

base plate upon which two 0.27 inch inside diameter sample holders are

syimetrically mounted w.ch platinum risistance thermometers and heating

elements embedded in the base of each, and with purge gas inlet and

outlet trtes extending downward into the base unit. The sample enclo-

sure cover has two ports whose teflon stoppers can be removed for

access to the sample holders during use. The control unit contains a

muiti-rsrZe two.-directiunal linear temperature progranmer with eoht

scan speeds fr'om 0O625 °K/min to 80 K/amin, a rarge sensitivity

S3
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Pleure 2

Differential Scanning Calorlmeter

A Sample Bolder Assembly 3 Aumg* Selection

B Bse" us-it 4 frn. Pon Zero

C Control Unit 3 Scas, Speed Selection

1 Tomperatine Calibration 6 1TOMINrature Programing

2 Slope Adjustment 7 Bcan Increaser Decrease

Figtwe 3

Closeup of Sam'ple Holder

4
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"slector with seven ranges from I to 64 millicalories full scale# tran-'

sistorized amplifiers and power supply, and electr'onic baseline slope

compensator. Normal temperature range Is 2730 K to 7730Z'. Accessories

Includ, a Sola, type CVS constant voltage transformer (not shown) and a

* nitrogen purge gas system with a filter dryer and a Matheson gas

regulator.

The DOC-IB calibration performed at the factory was reported as a

chart of suggested settings for the two temperature calibration dials

an the base unit. The ,paaple holder for which the calibration had been

performed was installed in the base# and the calibration, was repeated

according to the published instructions for the equipment as installed.

Since no deviations in temperature were observed, the suggested set-

tings were used throughout the experimental work. The sowe sample

holder was used for all experiments.

potentiometer Recorder

The Ieeds and 40~

Northrup potentiometer 7,4

recorders Figure 4P is

a downward feed strip

chart recorder with a

horizontally moving

trace pen to record

the differential power4

signal from the DBC-1B

saumpip hold~r a~nd a Figure 4

second pen at the Potenti ter Recorder

right margin to mark I

5



each degree of Increase or dacreape of the temperature programming

dial. Three chart spueds are available: 0.25, 1.0t said 4.0 Inches

per minute.

Ilectroba lance

The Cahn Gram Blectrobala.acep Figure So, has eight selocted full-

scale ranges from 0-1 to 0-1000 milligrams, with a pr'.cision of 0.0001

xg on the sualleat scale. kc~cessories include a set of calibrating

usights, forceps# and

two sizes of weighing

-i - peas and stirrups.

CAHN In order to handle

gross weights rang-

ine from 20 to 60Mg

the 0-100 mg scale1 '. :j j was used in this

study. Theprcsoj on this range, given

as 0.01 q.' was

verified by exact

Figure 5 duplication of weigh-

Electrobalarice Ings over a perfod of

______________________________________ several weeks.

6
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III. 1xperimental Procedures

Omnl methods have been developed by WC users to take advantage of

the lnstrtmunt's capability for quantitative energy determinations.

Sources for the four tests described In this report are as follows :

heat of fusion (Rof 8.:42), purity (Ref 35:1), specific heat (Rof

20:1331), and activation energy (Rof 28:412).

Full scale recorder deflections for heat of fusion, purity, and

activation energy tests were obtained for samples of 1 q or less,

depending on the control settings chosen. Four 1C control settings

wore a.ilnble: range (Ra) in millicalorles full scale, scan speed

(So) in Kelvin degrees per minutes chart speed (Ch) in inches per

minute, and slope# dimnsionless. The Ra setting provided ordinate

size control, while Sc and Ch gave abscissa control. To facilitate

comparison, most tests of a series were run with similar settings.

In all tests with the DSC, a straight baseline parallel to the

record•r chart edges was sought. Depending on the results of the first

try wtth an "average" setting, the slope control was adjusted up or

down until a straightness adequate for the test to be performed was

achieved. The effect of slope setting on recorded areas was assumd

negligible for tests having a baseline within s few degrees of parallel

to the chart edges.

Prepartiont Of Samgples

In the preparation of a sample, Figure 7, a small amount of

explosive (stock described in Fignre 6) was remov~d from the stor-g*

vial and tn Pn •.• • wUinum cup of 1/4 Inch diameter, which was

placed on the left stirrup of the electrobalance for weighing. The

7



Details of Zxplosives Stock

1. Iii 2A46-trinitroresorcinol 12Ic

(~~2 )3%8(OH) 2

pale green-yellow

2. TNT* 294#6-trinitrotoluese

Pale yellow 3

3. metryl N-mothyl-N,2,4,d-tetrunitro-
anIiAin

yellow

4 Octahydro-4,35#7-tetranitro-
21 13p5t7-tetrazocine

(N02 )4 N4 (CR2) 4

white

5. RM 14,35-trinltro-s-triazIme

(Nnb2 )3 N3 C2)

pale tan

S. PKTM Pentaerythritol tetranitrateA

C(CR2)4 04 (N2)

White
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net sample weight was tLCn obtained by subtractiag the pre-recorded

tare weight of the pan and its flat alimalnA lid.

~ A A

Figure 7

Sample Preparation

The sample pan edges could then be rolled downward over the pan

lid by use of the special crimping press, a INC accessory. Crimped

samples were less likely to be spilled in handling or storage.

Activation energy test samples were crimped* as were those for the

signature thermogram. HNowever the crimping process frequently caused

the bottom surface of a sample pan to bulge inward, reducing the area

for thermal conduction from the sample holder to only the edges of the

lower surface. Because the crimped samples displayed varying degrees

of bulging, purity tests were run with covered, rncrimped samples to

ensure a flat surface of contact. An additional factor for specific

heat tests, also uncrimpedt was the large size (about 30 mg) required;

some samples would have been spilled by the crimping process itself.

Signature The rmograms

B-Yore the primaxy tests could be run a general knowledge of an

explosivets behavior due to rising temperature was nocessary. For

9



this oasoo, a saple of each explosive was bhated at a eamstant rate

(1.e. scanned) from ambient temperature to the point whme its therml

activity ended - between 5000K and 6000N. The recorder tme thus

prodwced Is cslled a thermoram. Such tharvmrams, umiqly describing

the thermal behavior of the samples which produced them we called

"tisgnature thermograws" in this report. They were used as guides for

aelecting the temperature ranges of interest of each explraive for the

various tests. The signature thermaograms are presented In Appendix A.

Although the cenvention "endothers downward (to the right of one

facing the recorder) and exothero upward," as followed In this report,

does not conform to reeom-nded DSC practice, it allow direct

comparison with the many results of differential thermal analysis

tests over the last several years.

Beat of Fusion Test

The latent heat of fuston was determined by measuring the area if

the melting endothern of the sample and comparing it with that of a

standard pure material. The 5.95 mg indius (99.9999%) sample provided

with the [SC equipment was used am the standard. In this study the

heat& of fusion were generally calculated as a preliminary step in

the purity determinations.

Purity Test

Sample size was adjusted to that which would produce a large

melting endotherm at instrument settings of Ra, 2 meal full scalet,
/

Ch, 4 in/uin and Sec, 0.825 0K/min. The initial temperature was set

~'~w ~ ~ ! ~it:- r'r-w an the Signature tberso-

grams to ensure that the entire visible leading edge was included

10
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in the record. The trac pen was set on the low speoific heat (left)

side of the recorder chart to allow space for the melting endotherm to

form. After the instrument had coa to equilibrium - about two

minutes - the sample was scanned upward through the melting trans-

ition. A return baseline was established1 in each test before stopping

the scan.

Specific esat Test

A flat disc of aluminm oxide (in the form of synthotic sapphire

or corumdum) provided as an accessory to the DSC instrument was used

as a standard reference material for the specific heat tests. The

baseline displacement of the sapphire, dut to a programme energy

input producing a temperature tise of 10 °1/min, was compared at ten

degree intervals from 313*K to 423°z to that of known weights of

explosive. lane enough samples were used to produce specific heat

displacements of the same order of magnitude as those of the sapphire.

Two dome shaped aluminum sample holder covers fitting snugly over

each sample holder were used as radiation shields to minimize ther1al

emissivity changes of the sample during heating.

Two different types of test series were performed and are com-

pared in this reportt (1) two series of six short scans th~otuh

overlapping segments of the temperature range, and (2) one continuous

scan over the entire temperature range. In each test the sapphire,

empty pan, and the six samples in turn were scanned throuh the

required range. To all,-kv the scanning baseline to adjust Itself, tIa

instr,,"nt fnr each test wax equilibrated at 15 drrees belew the

tem•.'xrature at which the first reading vas desired. T1e resultr are

11



compared graphically in Appendix C.

Activation Energy Test

The rate of energy evolution at any temperature is proportional to

the distance between the rising decomposition curve and the inter-

polated baseline at that temperature. Explosives which vaporize

before reaching their decomposition temperatures. however, cannot be

tested for activation energy by the method used here. Of the sti

explosives being considered in this report, TNR and TNT are in this

category; for each of the other four explosives activation energy

determinations were attempted.

With a small (about 1 mg) sample in the sample holder, and the

trace pen on the high specific heat side (right) of the recorder

chart, the instrument was equilibrated at a temperature below that

for which any exothermic deflection was indicated on the explosive's

signature thermogram. Each rin was performed with Ch, 4 in/m&n,

while Sc and Ra settings were adjusted to the expected exotherm's

size and shape. Althou.h for purity determinations the melting peak

had to be kept entirely on the chart for area measurement, only the

leading edge of the activation energy exotherm had to be preserved.

Thus Sc and Ra adjustment to keep the peuk entire!y on the chart was

not crl t'Ic.l.

12
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IV. Data Analysis

The raw data from the four types of tests performed in this study

consisted of (1) chart recorder traces of.DSC power (meal/sec) versus

temperaturep with the associated control settings of Ra, Sc, and Ch,

and (2) sample weight (ng), where required. Details on the calculation

of the heat of fusion, purity, specific heat, and activation energy

are presented in this section.

Heat of Fusion

The basis for calculation of beat of fusion by DSC is the

instrument's direct measurement of the power input required to hold

the temperature difference between sample and reference equal to

zero. The endotherm produced during melting is then proportional to

the energy absorbed during fusion. To obtain the energy of tran-

sition, the arva under the endothermic peak and above the interpol-

ated baseline was measured and compared with that of the pure indium

standard, whose latent heat of fusion is known to be 6.8 cal/gm. The

method is summarized as follows:

(R)Ssample 17 Sample()
A Ra(~ndi(u- '--•) Indium

Purity

Purity was found from measurements of the increasing area at

corresponding temperatures along the melting curve. Temperature points

at which partial area measurements were to be made were marked along

the interpolated baieline of tie endotherm. Then "slop"" lines, equ.l

in slope to the leading edge of the indium melting endotherm, were

13



drawn from these points to the trace# defining points along the trace

from which verticals were drawn to the baseline (am selting tracesp

Figures B-1 to B-9). Thus the boundaries of the partial areas, with

their corresponding t)iperatures, were completely described. The

ratio of partial area to total measured area, a/A. was dofined as P,

the area fraction. Finally, a plot was made of temperature T. as a

function of reciprocal F.

Even though extra efforts were made to obtain a straight and

parallel baseline trace before visible melting deflection, the To vs

1/F plot was not the straight line predicted by the theory (see

Appendixes B and 1). indicating that not all the energy absorbed in

melting was represented by the area between the curve and the Inter-

polated baseline. To correct for this effect the data vas modified as

suggested in Ref 36:1-4. The plot for

o = A/a (2)

was not a straight line; but with

(1/7)c a (A + c)/(a + c) (3)

the locus became straight for a specific value of c. This occurred

when (l/F), values for successive partial areas differed by a

constant. The corrected area, (A + c), was used in the heat of fusion

determination. ?irnally, the slope a and intercept To of the modified

T. vs (l/F)c plo. were then used in the equation

mN

X f (4)

to obtain te frnftion of I-1Tty, X, praro'rt in the explo•eive.

to Actual tner;: ,raa, along with original and corrected data#

14
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plotted points, and calculations. are presonted In Appendix 3,

4

Specific Neat

As samples wer, scanned an the 1CC the increa•se in specific-heat

with increasin temperature was indicated by a deflection of the trace

from the established pre-scanning baseline.

At each temperature of interest the total displacements of

sapphire reference, empty pan# and sample were measured In inches. The

empty pan displacement at each temperature was added to the respective

sample and sapphire reference displacements in the following ratio:

C %, (d. + dp)/fw (5)
70lr (d +d)/wrI

where (ds + dp) and (dr + dp) are the net trace displacements due to

the sample and sapphire referencep respectively.

The weight, wrP of the sapphire reference was found to be 34.34

mg. The values of Cpr for each temperature of interest were

obtained from a chart provided with the DSC specific heat standards.

Control setting Ra in all tests was 4 mcal full scale.

Activation Xnergy

The ordinate deflections on the decomposition exotherm corre9-
i

pordiiZ to several successive temerature readinrts were easured arc

plotted versus temperature in the form logl 0 d1 vs 2/Ti. -The plot

obtained from these data was a modified Arrhenius plot which differs

from the usual only in the use of deflection distance d in place of

rate constant k along the ordinate. This modification was done

~ e t1'-e digtvmnce Measured is directly p-~~t.~i1to thc rato<



en*gy evolved, and thus is proportional to the hrrhonius rat* constant

k. For those tests whose data plots were straight lines# theng the

activation energy le was calculated by the following equation:

*-(z* .303 (10 1 0 d1 - 10 1 0 d2 ) (6)

=~ - "T 1 - l/T 2

or

* -4.2% lglo(dl/dO) (7)

"- 'L/T 1 - V/T2

The develosipmnt of equation (7) is given in Appendix G.

Actual decomposition exotherms, along with masured data# plotted

points, and calculations, are presented in Appondix D.

1*,perature Correction

The temperature readings from the DMC temperatme programing

dial were not exactly correct. The indium and tin samples provided

with the BMC instrument melted at 429.03°1 and 506.830K, according to

the dial. This compares with the actual melting points of 429.609

and 504.90#, respectively, resulting in differences of -0.57°k for

indian and +1.930° for tin. In examining the results of represent-

stile tests to determine the effect of this corection, it was found

that a -2.00 temperature correction in the RIX result for le

resulted in a negative adjustment of 0.8 keal/mole, or 0.83%. Since

other corrections would have been less, no general temperature

correction was made.

16
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V. Results and Discussion

The calculated results for each of the properties considered In

this study are presented In FIgures 8 - 11, along with comparisons

with results published in the literature.

That of Fus ion and Purit

Of the six explosives considered, only TiT, totryl, and PIT were

tested successfully for purity and heat of fusion by the DOC method.

Results ma given in Figures 8 and 9. The other three explosives pre-

sented various problems, saw of which are described in this section.

Very little data for comparison with the purity results was

available; only IOZ and PENTN values were found (see Appendix 1). The

PM stock from which all DOC samples were drawn was described as

"at least 98% pure"; the lowest purity indicated by these test

results was 99.14%. Purity of MX was quoted as 99.8%; unfortuiately

this could not be verified by the DSC methods.

Factors Impairing Results for T.R, flX, and fl. The TIM results

were Impaired by the occurrence of (a) endothermic changes at twelve

and five degrees below the onset of melting (see Fiwure A-l), and (b)

vaporization before melting. As a result, fast scannig (Sc, 5 or

more) did not allow time for the rezorder trace to form the essential

straight bas6line between crystallization and melting, while slow

scanning magnified sample loss by vaporization.

Sdid not entirely melt before Its decomposition began; there-

fore, the melting area was Incomplete for fast scan speeds and non-

exfstent for slow speeds. The MIX tlgr~turo therw rA (F•i're A-4)

shows this phenomenon.
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Neat of Fusions cal/gm

o3 Uncorrected purity areas Cb Additional melting tests

o Corrected areas (A + c) Aý From (Ref 38:9267,252,193)

Figure 8

Comparison of Beat of Fusion Calculations

10 0O.2 0ý.ý4 ý0.60.10

oec~ vrt

Figure 9
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The melting of RIM was followed by an upward shift in the trace

after meltingo as shown on the signature thermoran (Figure A-5). This

Indicated that sample was being lost by vaporization before the

occurrence of decomposition, No WK melting endotherm could be

produced on a slow scan speed (Sct 0.625); instead, the recorder trace

consisted of a series of alternating endo- and exothermic peaks of

decreasing amplitudep 20% to 5% of chart width# and centered 4% to the

endother'ic. side of the original baseline. This effect was probably

caused by alternating melting and vaporization; no sustained *zo-

thermic tendency was observed until at least fifteen degrees above

the temperature at which mSlting had begun.

Causes of Error. Beat of fusion values both with and without the

area correction are compared with separate test values in Figure 8t

indicating the approximate range of reproducibility attained in these

* .tests. After practice with the planimeter it was observed that the

areas could be measured within 1% of average over a series of measure-

ments with several pole positions and starting points. The

differences in the results given, showing a variation ranging from

2% for tetryl to 18% for PM#, indicate that factors other than

inaccuracy in the mechanical area measurements probably affected the

reproducibility of these values.

One step which very likely introduced error was the interpolation

of the baseline to the tail of the melting endotheru when the return

baseline was not level with the initial baseline. An arbitrary conven-

tion was to extend the initial baseline to the point immediately under

the Deakp then draw a line to the estabtli•ed return bapeline. T7iA Is

shcvn, for example, in Figure B-7. Results of direct interpclation of

19



F
baselinst Ignoring the above convention, indicate that the interpolated

baseline's location was critical: there was 7% difference betwen

"before" and "after" values, marked with an asterisk (*) in Figue a.

Another problem was the slight vaporization of sm samples

before and during melting. Vapor was observed during the mlting of

PRTN, and final weight was consistently 5% to 8% 1oe than initial

weight. Although average weight was used for heat of fusion calcul-

ations, the results showed considerable scatter.

Specific seat

Results in the literature, as plotted for comparlso in Flgmur 10,

indicate that specific heat curves have decreasing positive slope with

rising temperature. Figure 10 shows that specific beat curves for the

explosives tested are monotonic increasing, but only the H curve

exhibits a tendency toward decreasing slope. The erratic behavior of

the TNR and PETN curves may be due in part to weight loss and vapor-

ization observed for both. The averaged curves for LIT, tetryl, and

PMTN in Figure 10, as well as the continuous scan results in Appendix

C, show that at the scanning speed and range sensitivity used (So#

10 *]Vain; Ra, 4 ucal) the deflection toward melting began quite

early. This tendency, then* may have canceled the expected decrease

I.n slope.

The relative position of the recorder trace pen during scanning

was always proportional to two parametors: (1) size of samplv, and

(2) specific heat, Cp, of sample. If an uncnanged e settu for

the trace pen is asstmed, the trace produced by a small seamle was on

th low rptfic ht s (lpft) of a larger st&ple of stiVlar

U 20
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tmarial; likewise, the trac, for a sample with low % ame= to the

left of that for a higlher Cp sample of equal mass.

Although the average C. curve for M smathehs literate values

quite well, no explanation has boon found for the vide difforencee

between the 1Wo, tetryl, and RM curves and their litesatme coautor-

parts shown in Figure 10. It is possible that the density and fora of

the samples for which reference results are reported weve quit*

different from those of the tests in this report. Hever, although

the tetryl sample used in the second Cp*test series was the melted

and refromen sample from the first series, the results wmer very close

(se Figure C-4). Therefore the above explanation apgaeas Incomplete.

Activation Energy

Calculations by the DBC method yielded comparatively high values

of activation .nergyr, , for each explosive. Results for tetrylp R

and PrM were 5% higher than those of Bef 28:413 o where the same

method was used. Figure 11 shows these and other values of le.

The return baselin for decomposition ezothern was even lss

likely than those of purity tests to be found at the pne-reaction chart

position. In an attempt to determine the effect of a shiftad- bmline

on the slope of the loglod vs l/T curve, new baslines were drawn at an

arbitrary azwl. of eight degrees below the original on the tatryle t,

and P911 axotherus shown in Figures D-2, D-4, and D-?, od distance

versus temperature data was reva, ke.o 1h tetryl and c calculations

gave a significantly lower slope, reducing calculated e values by 19%

in each case, So noticeable improwement could be obseroed for the PET

data hover. It was comelded that, in general, a baseline

22
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30 40 50 60 70 C ~8

0(2100)

30 40 50 60 70
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Activat ion ZMrgyt kca/s1/ol.

o Author 0 Nf 23:135

Bef 5:1I52 0 3s 24:221

o Met 6:178 R> ef 25:85

Ll Ref 10:11603 C) Ref 28:413

o Hof 122 Ref 29:364

o 3f 13 We3. 38

FVgure 11
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xtrapolated towad endothermni would yield lower valZue a le .a a

matter of convention, then# the pre-decomposition baseline was extended

co-linoarly, regardless of the location of the rotwu bseollno. For

either an inert reference material or an empty sample cup the MC

trace usually began increasing in non-linetr deflection toward endo-

theraic at a temperature between 500 and 550 *K. This observation

strengthens the validity of the above convention.

Mny activation ene•gy values presented in literature have

resulted from isothermal decomposition tests, in which the explosive

sample was by sa mchanism placed suddenly in tbermal contact with a

conducting medium at a specified temperature. By the £rrbeaii equa-

tion (see Appendix M), since the fraction de posed after t seconds

equals t times k, the plot of in k vs l/T for a series of temperatues

yields e/R as the slope of the line. Results were 20 to 50 percent

higher than those of the isothermal tests. Since there are Indications

that this may severely affect the usefulness of the e values (see

Ref 33:8), a modification of the DOC method in Indicated. For the

description of a promising technique using solvents, see 1sf 2S:413.

Since activation energy is a measure of an ezplosive's

susceptibility to decomposition at any temperature, a high e normally

indicates slow decomposition. Where design tnmperatures are

critically high, then, an incorrectly high value of e woum imply

rates of decomposition lower than those which would actually be

observed. In many applications this could contribute to dangerously

premature or accidental decomposition. Thus, with other factors being

equal, a calculated value of which is too low would appear to be

¶ 24
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I,. Conlusions

Based on the results of this study of the applicability Of IMC

methods to the deternlnation at explosive proerlis, the following

conlusions are dr-awnt

1. Seat of fusion and purity results am impaired by (a) the

presence of vaporization before or durlug mlting, and (b)

the ooeernenee of decompmition near the meltiuf point.

p lesives without these pI•bles, such as tetryl and TNMT

give consistent results.

2. At temeratures Just below the inlting rafe %bh acuracy

of specific beat tests is affected by (a) the beginnizn of

trace deflection due to mltivgs. and (b) sample loss due to

vaporization. Eplosives with high meltig points, such as

.9 give best results.

3. ikw activation energy values -. undiluted explosive samples

are high am compared with those from isotbermal tests.

Modifications makin DOC activation energy results moe

useful appear possible.

25



VII, Recommendations

It is recommonded that homogenoous binary explosive mixtures be

tested by the DOC method to detezmine the extent of variltou in the

imelting points decompooitiou temperature, and activation energy of ono

explosive due to the introduction of increasing mole percentagep of

another explosive. Such data could be presented !n phase diagram form.

It Is recommended that DOC methods be used to coopare the pro-

perties of recently developed explos.'ves such as TINT. PF, and '-13M

j with similar explosives already in wide military we. both Ln pure

form and in mixturem over a range of percent compositions.

It is further proposed that tests using sealed dmnple cups (ESC

Part No. 219-0062) be performed and their results compared with those

presented in this report for open and crimped cups. The sealed cups

may make possible more reproduceable results for those e.plosives such

as TWR, PETs, REM, and TNT which showed vaporization before

decomposition.

Finally, it is recommended that the heat sensitivity of explosives

be studied, with emphasis on determining the induction time at various

temperatures at and above the decomposition point. It is suggested

that the memory effect# which is the possibility that induction time

is shortened by the effects of previous partial heating, be observed

and reported.

The necessnry equipment and supplies for the recsnded studies

are available.
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T a (1I/F) (1/F)
0 c

1 451.0 43 28.8 9Y36 7.29 5Y.9-
2 451.1 99 12.5 6.72 5.58 4.81

451.4 .3 451.2 159 7.78 5.16 4.49 4.01
4 451.3 304 4.07 3.31 3.016 2.85
5 451.4 578 2.16 1.97 1.91 1.85

451.2

451.0

450.8 •

2 4 6 8

1/F

Figure B-1

Purity: TNR (Unsuccessful)
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ST a (1/1)° (I/F)c

c,.40 c=80 a=200

1 346.275 100 10.5 7.75 e.25 4.15
2 346.444 125 8.35 6.58 5.49 3.83
3 346.637 165 6.34 5.30 4.59 3.41

,, 346.843 225 4.64 4,09 3.69 2.93
"v5 346.961 276 3.79 3.43 3.16 2.62

6 347.077 351 2.98 2.77 2.61 2.26
347.0 • 7 347.212 490 2.13 2.05 1.96 1.81

08 347261 648 1.61 1.58 1.55 1.47

0) 0.217
To = 347.6350 K

Hf = 5.84 kcal/mole

X a mHf
C)R 2

346.8 0

- 0.00287

w0

• 14,6.6

346 4 •L• :

2 46 8--

1/F

Figure B-2

1'urityt TNT (1)
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T a (11F) (1/F)

0=200 0-180
S1346.6 110 14.7 5.86 6t0

2 346.8 170 9.51 4.91 5.13
''3 347.0 259 6.24 3.96 4.09

4 347.1 321 5.04 3.49 3.58
5 347.2 403 4.01 3.01 3.08
6 347.3 522 3.10 2.52 2.56
7 347.4 715 2,26 1.98 2.01

347.2 04. •m = 0.192

To = 347.780K

Hf = 5.61 kcal/mole

R To2
0

347,0 = 0.00449

346.8

346.6 0

2 4 6 8

1/F

Figure B-3

Purity: ITW (2)
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T a (1/7) 03/10
0 C:

0 c.50 C=lO0 04120

"1 399.6 60 20.2 11.5 8.23 7.442
2 399.7 90 13.5 9.05 6.93 6.36
3 399.8 137 8.87 6.77 5.55 5.2
4 399.9 218 5.58 4.72 4.14 4.08
5 400.0 350 3.48 3.17 2.92 2.91
6 400.1 585 2.08 1.99 1.92 1.92

a 0 0.091

T - 400.27'K

u a 5.90 kcal/sole

4 0 0 .0 X a. m " f

a TO
- 0"00169

399.$

'3 4 6 8

I/1

?~utw 2-4

PutiLt7: 2bt171 (1)
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T a (/?) (1/F)
o c
0 =170 C=150 C=120

1- 399.0 69 16.4 5.45 5.86 6.63
2 399.2 119 9.52 4.51 4.77 5.24
3 399.3 157 7.21 3.98 4.18 4.52
4 399.4 209 5.42 3.44 3.37 3.8 1
5 399.5 282 4. 02 2.88 2.97 3.11
6 399.6 385 2.94 2.35 2.42 2.48

399.6 07 399.7 536 2.11 1.84 1.87 1.91

a a 0.141

T. 399.940K,

0 Rf a 5.32 kcal/uole

as
1= f

R To
399.4 0 0.00246

399.2

3990*

2 468

Figure 9-5

Purity: ?etryl (2)
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3.399.4 40 25.868.07 9.25 !V.54
2 399.5 63 16.4 6.93 7.77 T%97

Oo 3 399.6 97 10.6 5.74 6.28 C,40
4 399.7 154 6.70 4.45 4.75 4.81
5 399.8 241 4.28 3.32 3.46 3.48
6 399.9 376 2.74 2.36 2.43 2.45

399. 0 .0.064
To = 400.010 K

a 5.73 Iccal/mole

I~-I

0

-0.00115

399.6

3".4

399.2

2 4 6 8

*1/l?

new B-6

43ty: Tetryl (3)
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rT a (1/F)O
0) c=200 c=150 c=155

1 412.2 73 27.7 8.01 9.57 9.35
2 412.4 149 13.3 6.27 7.14 7.02
3 412.6 309 6.43 4.30 4.65 4.60
4 412.7 472 4.21 3.26 -- 3.40
5 412.8 788 2.52 2.20 2.28 2.26
6 412.84 998 1.99 1.83 -- 1.35

412.8 a -0.8

Toi 4.2.e90OK

EHf 11.6 kcal/sole

R T 2
0

0. 00287
412.6 C

412.4

412 *2

2 4 6 8

1/F

Figure B-7

Purity: PETN (1)
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0 0

1 412.8 15T 10.3 5.10 4.58 4 .69
411.9 213 7.61 4.41 4.25 4.11

3412.0 287 5.65 3.74 3.63 3.53
4 412.1 392 4.14 3.06 3.01 2.95
5 412.2 542 2.99 2.46 2.41 2.38
6 412.3 722 2,24 1.08 1.95 1.93

412.2 0 0.173

To = 412.610K
-f = 10.1 kcal/male

Ta T

412.0 = 0.00515

411.8

411.6

2 4 6 8

1/'

Prit PIV (2)
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00 000 0=200 cw2O0 C=300

1 412.0 164 10.5 5.29 4.68 4.36

2 412.1 212 8.14 4.67 4.20 3.95
03 412.2 278 13.20 4.03 3.69 3.50
4 412.3 354 4.87 3.43 3.23 3.09
5 412.4 452 3.82 2.95 2.79 2.69
6 412.5 561 '4.96 2.46 2.36 2.30

412.4 7 412.6 750 2,30 2.03 1.94 1.90

0 a a 0.244

To - 413.060KC

Hf = 11.9 koal/mole

I- 2

0

412.0

411.8 .

2 4 68

1/F

Purity$ PR= (3)
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d T log d 1/T x O3

0.4 1 .24 459 -. 6198 2.178649
2 .33 462 -. 4815 2.164502
3 .51 465 -. 2924 2.150538
4 .73 468 -. 1367 2.136752
5 1.12 471 .0492 2.123142
6 1.69 474 .2279 2.1097057 2.33 477 .3674 2.096436

M = l1go(d2/d 6)
l/T2 - lI/T6

0
= -. 7094

.05460

= -4.58i m

-0.2 = 56.6 kcal/mole

00

-0.4

-0.6

-0.8

2.10 2.12 2.14 2.16 2.18

l/T z 103

llge D-1

Activation fnteiy: Tetryl (1)

57



GAW/ME/6 7B-3

d T log 10d 1/T x 103

1 ?~ .2 456 .57~6 2.192.482
0.6 02' .4 Z 459 -.3372 2.178649

3 .69 462 -.1612 2.1V-4 50 2

04 1.06 465 .0253 2.130538
5 1,61 468 .2068 2.1'06752
6 3.36 474 .5263 2.109705

0.4 m= lg10 1 (d I/d 5

1/T 1 - l/T 5

= -.7445

0.2 .05623

B=-4.5 W1m

=60.6 kcal/mole

0*

-0.2 4,

-0.6

2J10 2.12 2.14 2.18 2.1-8

1/T x 0

71gu. D-2

Aetlvationi Nnmrgyt Ttrv1 (2)
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d T log 0d 1/T x 103

1 .28 550.7 -. 5523 1.815875
0.42 .38 550.8 -. 4202 181544

3 .53 550.9 -. 2757 1.815213
4 .72 551.0 -. 1427 1.814882
5 .98 551.1 .0068 1.614552
, 1.38 551.2 .1399 1.814222

0.2 1 2.06 551.3 .3139 1.813893
8 3.00 551.4 .4771 1.813564

: 1cglo(d2/d 8 )

1/T 2 - l/T 8
0

= -. 8975
.00198

le=-4.58m

-0.2 = 2100 kcal/mole

-0.4

-0.*6 •

1.814 1.815 1.816

1/T x 103

Vi ure D-3

Activation hergy: ma (1)
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d T log 10d L/T xl103

0.2 5 .68 550.6 -.1675 1.816181

-0. .81 540.8 -.0915 1.818551

-0.4 5.2 .98 .842

-0.8 
45

1151.816 1.817 1.818

l/T 2 jL03

VUgw. D-4

Activation Energy: MM (2)
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0 A•

d d' T iO 1 0 d log i d I/T x 105

1 .56 492 -. 2518 2.032520
2 .98 496 -. 0088 2.016129
3 1*.62 500 .2095 2.0

0 4 2.70 2.31 503 .4314 .3636 1.988072
0 5 3.20 2.86 505 .5051 .4564 1.980198

A 3.73 3.43 507 ,3117 ý5353 1.972387

0
M lglog 1(d 2 /d 4 )

0.4 0I/T 2 - I/T 4

_ -. 4402
.02806

S0.2-4.58 m
--, = . 71.8 kcal/molel

0.2

-0.2 ...4'

1.96 1.98 2.00 2.02 2.04

l/T x i03

Figure D-5

Activation Energy: RI• (1) With Data Adjuwtm-nt
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d T log1 0 d 1/T x .

J~.78 503 -. 1079 1.988-72
2 1.38 507 .1399 1.972387

083 2.40 511 .3862 1.956947
084 3.55 515 .5502 1.941748

5 4.82 519 .6831 1.926782
6 6.42 523 .8075 3.912046

l/T 1 - 1/T3

-. 4881
.03113

.4 0.4 -4.58 a
lot, (d /d)

a2  - - . 4 6 71.8 kcal/amnle
1/7 4 - l/T6

=* 38.6 kcal/inole
0.2

-0.2 Tf~

1.92 1.94 1.96 1.9S

l/T x10

Figure D'-6

Activation 31ergy: RIlK (2) With Two Slopes
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0.4 d r llog 10d 1/T x10 3

IN1 .18 4 521 -.7447 2.212389

0 2 .39 456 -. 4089 2.192982
3 .7 460 -. 1367 2.173913

0.2 J.4 1.27 464 .1038 2.155172
5 1.83 468 .2601 2.136752
6 2.60 472 .4150 2.118644

= log10(2/

0 F /T 2 - 1/T4

=- .5127

.0378

-0.2 
58

I = 61.8 kcal/mole

-0.

-4-

-0.4

2.14 2.316 2.18 2.20

l/T 10x

Figure D-7

Activation Energy: PMT (1)
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0.6
0 d T log 10d 1/Txl10

; .36 454 -. 4437 i.1026~4312 .58 457 -.2366 2.188k'!4
3 ~93 460 -. 03115 2.173913

0.4 L4 1,38 43 .1399 2.159827
5 2.0? 466 .ZO%4 2.145923

- 6 2.so 4610 .4472 "." 3 2196
Q73.67 472 .564'7 2 1 186-C

-0.*2

-0.4

-0.6

2.22.14 2.16 2.18 2.20

1/T x 10

Figure D-8

Activation Energy: PETN (2) No Linearity
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d T 1 g lT 0

3,.29 4 5S -,5376 2 . 9 22
0. 2.6 459 -. 3372 2, 1786410

3 C, 6 462 -.IS0.5 2.1641502
1.19 465 -.0755 2.i1503S

5 .19 467 .,0755 2.150532
6 1.44 469 .1584 2.132196
7 1.66 471. .2201 '2.123142

I/T 2- V/T

0 -.4127
.03732

=-4. 58

=50.7 kcal/rnole

-0.21

-0.4

-0.6 1

2.12 2.14 2.16 2.18

1/T x 10

Figitre D-9

A Activation flnorgy: PETN-L (3)
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d T log1 0 d 1/T x 103

0.4 I1 .40 442 -.3979 2.262443
2 .53 445 -,2757 2.247191
3 .69 449 -. 1811 2.232143
4 .88 451 -.0555 2.217295

5 .5 454 .0607 2.202643
6 1.50 457 .1761 2.188184

0.2 7 1.88 460 .2742 2.173913
8 2.37 463 .3748 2.159827

M=log 10(d2/d 7

I/T2 - l/T 7

.07328

0= -.458 m
r-4

-0.2 N~=34.4 kcal/rnole

-0.4

-0.6

2.18 2.20 2.22 2.24 2.26

l/T x10

Figure D-10

Activation Eftergy: PETN (4)
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Appendix R

Sources of Explosives

The explosives used In this study were obtained from the following

sources:

(1) Distillation Products Industries,
Rochester 3, New York
(Division of Eastman Kodak Company)
25 grams each

TNR and TNT No lot numbers
No purity information

(2) Lawrence Radiation Laboratories,
Livermore, California (Ref 17)
100 grams each

Tetryl (1X3047) Stock on hand over five years;
Purity: no information

MCK (Lot A436) Origin: Holston Defense Corporation,
Kingsportv Tennessee

Purity: 99.8%4

RIK (Lot A212) Origin.- Holston Defense Corporation,
Kingsport, Tennessee

Purity: no information

PMTh (Lot A356) Origin: Trojan Powder Company,
Allentown, Pennsylvania

Purity : 98%'

No attempts were made to purify the explosives prior to testing.
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Appendix F

Development of Purity Analysis

For an absolutely pure compound, the ordinary heat capacity dq/dTs

of the sample would approach infinity at the pure melting point To.

But for an impure material, dq/dT. is a function of sample temperature

so that
2

dq/dTs = q (To - Tm)/(To - Ts) (8)

The melting point devi-P-3sion due to impurities is calculated by

T(t TO 2 XTO - T= T(9)

Now, the fraction F of sample melted at any temperature T. is

T -T
0 U (10)F =

TO -Ts

or

To -Ts = (To - Tm)(l/F) (11)

which gives the slope-intercept equation for a straight line:

Ts = To - (To - Tm)(l/F) (12)

Thus, with Equation (9)

slope a = To - Tm (13)

RT2RT X (14)

where X is the mole fraction of impurity present. Therefore,

m f
---- (4)
R TO
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Appen4ix G

Development of Activation Energy A~alysis

The basis fot the development of the activation enezgy analysis

In the Arrhenius equations usually given in the form

k = A! mm. ((*/R) -R)

For an c,-1osive sample, the DSC trace deflections di along the

decomposition exothern ar proportional to the Arrhenius rate

constant k:

k = C d A! exp(-R/RT) (16)

which becomes

In C+ lnd= InA! -e/RT (17)

Any two points, (d 1 ,T 1 ) and (d 2 tT*, are chosen: then

in C + In d, = in A' - E"/RT1  (18)

In C + In d2 = in A* -E/RT2 (19)

Subtracting, the constants C and A vanish:

In d 1 - In d 2 -E*/R (1/T 1 - l/T 2 ) (20)

or

-Z/R= (in d1 - In d2 )(1/T 1 - l/T 2 ) 1  (21)

2.303 (logl 0 d, - 1og 1 0 d2 )

I/T1 - I/To

For R =1.987 kcal/sole OK,

* -4.58 logl 0 (dl/d 2 )
(7)I/T 1 - I/T 2
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